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Available online 17 September 2014Rhabdoviridae represent a diverse group of viruses with the potential to
cause disease in humans, animals and plants. Currently there are nine
genera in the family; however a large number of rhabdoviruses remain
unassigned. Here we characterise three novel rhabdoviruses genomes.
Almpiwar virus (ALMV), isolated from skinks in northern Queensland, is
the ﬁrst completely sequenced rhabdovirus from squamates, with
serological studies indicating multiple animal host species. Harrison
Dam virus (HARDV) and Walkabout Creek virus (WACV) were isolated
from mosquitoes in the Northern Territory and biting midges in
southern Queensland respectively and their vertebrate hosts remain
unknown. Serological cross-neutralisation tests with other Australian
rhabdoviruses indicate that ALMV, WACV and HARDV are distinct
viruseswith little antigenic cross-reactivity.Next-generation sequencing
revealed that all viruses encode the core proteins common to
rhabdoviruses (N, P, M, G and L), plus additional ORFs between the M
and G genes. HARDV also contains a small ORF between the G and L
genes. Phylogenetic analysis of N and L proteins suggests that HARDV
andWACV share a common lineagewith the tupaviruses and SandjimbaKeywords:
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Fig. 1. Map of Australia showing geographical locat
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2 J. McAllister et al. / Virology Reports 3 (2014) 1–17group, whereas ALMV is a distinct and divergent virus showing no clear
relationship to any rhabdovirus except the recently characterisedNiahka
virus (NIAV).Crown Copyright © 2014 Published by Elsevier B.V. This is anopenaccess articleunder theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Viruses of the family Rhabdoviridae are associated with a variety of serious illnesses, including encephalitis
(lyssaviruses), ephemeral fever (ephemeroviruses), vesicular stomatitis (vesiculoviruses), and viral
haemorrhagic septicaemia of ﬁsh (novirhabdoviruses). Recently, a novel rhabdovirus, Bas-Congo virus (BASV)
was identiﬁed in the Democratic Republic of Congo, and is the ﬁrst in this family to be potentially linked to
acute haemorrhagic fever in humans (Grard et al., 2012). Identiﬁcation of BASV has signiﬁcantly increased the
clinical and public health proﬁle of emerging rhabdoviruses, and highlights the importance of characterisation
of viruses belonging to this family.
Typically, rhabdovirus genomes encode aminimumofﬁve core proteins; nucleoprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G) and the RNA polymerase (L); although additional genes are often
present that are unique to particular genera and aid in taxonomic classiﬁcation (Dietzgen et al., 2012). Currently
there are eleven genera within family Rhabdoviridae. Viruses of the genera Lyssavirus, Ephemerovirus,
Vesiculovirus and Norvirhabdovirus primarily infect mammals and ﬁsh, viruses of the genus Sigmavirus infect
ﬂies, and viruses of the genera Cytorhabdovirus and Nucleorhabdovirus infect plants and plant-associated
arthropods. Ephemeroviruses and vesiculoviruses fall under a clade informally known as the ‘dimarhabdovirus
supergroup’, which recently has been shown to include numerous unassigned rhabdoviruses (reviewed in
Gubala (2012)). Recently, four new genera, Tibrovirus, Perhabdovirus, Tupavirus and Sprivivirus, have been
established to categorise several new viruses within this ‘supergroup’. Dimarhabdoviruses contain remarkably
diverse genomes, including many additional, poorly understood genes in different locations (reviewed in
Walker et al. (2011)).The viruses within this supergroup are presumed to replicate in both vertebrate and
non-vertebrate hosts, and are able to be transmitted by hematophagous dipterans (Bourhy et al., 2005; Dietzgen
et al., 2012).ions of HARDV, WACV and ALMV isolation. ACT—Australian Capital Territory,
QLD—Queensland, SA—South Australia, TAS—Tasmania, VIC—Victoria, and
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Asia dates back to the 1950s. These surveillance programmes were instrumental in gathering information
on endemic and exotic diseases of importance to human and animal health. A number of arboviruses with
unknown signiﬁcance to human or animal health were isolated from these programmes. Many were
characterised to the limit of scientiﬁc techniques available at the time; viruses were typically assigned into
families by biochemical tests and electron microscopy. The recent availability and affordability of new and
emerging molecular techniques have now allowed these viruses to be further characterised.
Here we describe next-generation sequencing and genomic characterisation of three novel viruses that
are members of the dimarhabdovirus supergroup. Harrison Dam virus (HARDV), Walkabout Creek virus
(WACV) and Almpiwar virus (ALMV) were all isolated during various Australian arbovirus monitoring
programmes. Subsequent to isolation, these viruses were assigned to the family Rhabdoviridae based on
serological, morphological and biochemical characteristics (reviewed in Gubala (2012)).
2. Results and discussion
HARDV and WACV were isolated through cattle disease monitoring programmes conducted by the
CSIRO Long Pocket Laboratory based at Brisbane, Queensland (QLD), Australia (Fig. 1); however, their lack
of cross-reactivity with other known rhabdoviruses and lack of detection by serology in any vertebrate
species have meant that they have remained poorly understood. HARDV was isolated from a pool of Culex
annulirostris mosquitoes in 1975, near a sentinel cattle herd at Beatrice Hill, Northern Territory (NT)
(Standfast et al., 1984). WACV was isolated from Culicoides austropalpalis biting midges collected near
Samford, QLD in 1981 (unpublished data). It was hypothesised to be a new livestock virus; however, lackTable 1
ALMV, HARDV and WACV virus neutralisation tests performed on sera collected from various native and domestic animal species in
northern Australia from 1951 to 2007.
No. positive animals
HARDVa WACVa ALMVc
Humans 0/71 0/113 1/133
Bats 0/7 0/5 0/8
Flying fox NT NT 0/6
Cattle pre-2004 0/N60 0/unknown totald 3/91
Cattle post-2004 0/157b NT NT
Pigs 0/4b 0/18 0/35
Horse 13/33 (trace levels) 0/95 2/55
Sheep 0/35 NT 1/36
Goat NT NT 0/8
Possum 0/28 0/28 NT
Wallaby 0/48 0/48 0/64
Kangaroo 0/26 0/26 1/53
Donkeys NT 0/50 NT
Deer NT 0/193 NT
Bandicoot NT NT 1/39
Rat NT NT 0/44
Chickens 0/10b NT 0/57
Albatross NT 0/36 NT
Cattle egret NT 0/unknown total NT
Wild birds 0/39 0/128 1/35
Crocodilese 7/115 (trace levels) 0/115 12/115 (trace levels)
Positive tests are indicated in bold. NT: not tested
a Source: CSIRO Long Pocket Laboratory ‘Species Book’ (Toby St George et al., unpublished), with the exception of those marked by b.
b Sentinel animal sera tested for HARDV by the Berrimah Veterinary Laboratory, Northern Territory: Beatrice Hill representative of
the years 2004, 2005, 2006, 2007 and Alice Springs 2005.
c Source: Doherty et al. (1970).
d Sentinel cattle herds and years tested for WACV: Beatrice Hill 1971 and 1981; South East Queensland, 1982; Adelaide River,
Northern Territory, 1981; Cocos (Keeling) Island Quarantine Station; New South Wales, 1978. No further information available.
e Crocodile sera collected 2010/2011 and tested in 2013 by Berrimah Veterinary Laboratory, Northern Territory.
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animals have been tested for antibodies to both HARDV and WACV (Table 1). Trace levels of HARDV
neutralisation were observed in 13/33 horse and 7/115 crocodile sera, perhaps suggesting the presence of
a related virus. None of the animals tested positive for WACV. Sera collected from sea birds from the Great
Barrier Reef and Coral Islands (total 138 sera tested) all tested negative for antibodies to WACV
(Humphery-Smith et al., 1991). To this day the vertebrate hosts of HARDV and WACV remain unknown.
Almpiwar virus (ALMV) was initially isolated on three occasions from the Ablepharus boutonii virgatus
(Cryptoblepharus virgatus) skink near the Mitchell River Aboriginal Community (currently known as
Kowanyama), far-northern QLD in 1966 (Fig. 1), by the Queensland Institute of Medical Research (QIMR).
Subsequent serological analysis revealed that virus-speciﬁc antibody was present in 74/752 skinks of the
same species (Karabatsos, 1985). Although ALMV has never been isolated from arthropods, it is able to
multiply through experimentally infected Culex fatigans mosquitoes, supporting the assumption that it is
an arbovirus (Carley et al., 1973). Furthermore, it optimally replicates at 30 °C, supporting the notion that
it is well adapted to reptilian hosts (Monath et al., 1979). Evidence indicates the presence of neutralizing
antibody to ALMV in other vertebrates including a human (Table 1), however, the signiﬁcance of this
remains uncertain (Doherty et al., 1970). Initial phylogenetic analysis of a small conserved fragment of the
L polymerase gene grouped the virus with Charleville virus (CHVV), Oak Vale virus (OVRV) and Humpty
Doo virus (HDOOV), therein forming the tentatively named ‘Almpiwar group’ (Bourhy et al., 2005). A
second phylogenetic study of the conserved L polymerase sequence indicated that several Brazilian
squamate rhabdoviruses (Timbo, Chaco, Sena Madureira and Caiman Lizard virus) also cluster near ALMV
(Wellehan et al., 2012). Interestingly, none of these viruses have shown a serological relationship to ALMV,
despite their squamate origin.
2.1. Next-generation genomic sequencing of ALMV, HARDV and WACV
Sample preparation methods for high throughput sequencing using platforms such as Illumina often
require the enrichment of viral RNA using methods such as PCR-select cDNA subtraction (Bexﬁeld &
Kellam, 2011). In this study we analysed crudely prepared viral RNA that contained a signiﬁcant
proportion of ‘contaminating’ host cell genetic material, in an attempt to simplify the viral puriﬁcation
process whilst still maintaining the integrity of the viral RNA. Using this approach, a partial genome
sequence was acquired for ALMV (with the exception of the genome termini, which were subsequently
obtained using RACE), with 10–200 times coverage. Similarly, a partial HARDV genome was obtained
with 20–50 times coverage. The sequencing of WACV resulted in coverage of approximately half of the
genome in the form of ﬁve contigs with gaps, which were sequenced using conventional PCR and Sanger
sequencing.
The complete genome for ALMV (Genbank accession KJ399977) is 11,156 nt in length, whilst WACV
(Genbank accession KJ432572) is 11,214 nt. The 5′ terminal sequence of HARDV is yet to be obtained, but
the near-complete genome deposited in Genbank (accession KJ432573) is 11,284 nt. All three viruses
encode the ﬁve structural proteins common to all rhabdoviruses (N, P, M, G and L), as well as an ORF of
unknown function between the M and G ORFs. Like many other rhabdoviruses, they also contain
additional ORFs overlapping the P gene, and ALMV also appears to contain an additional ORF that overlaps
the G gene (Fig. 2).
These three viruses share a similar genomic structure to four other known dimarhabdoviruses (Fig. 2):
Tupaia virus (TUPV), a virus isolated from hepatocellular carcinoma of a moribund tree shrew (Tupaia
belangeri) that originated from Thailand; Durham virus (DURV), a rhabdovirus isolated from an ataxic
native bird (American coot) from North Carolina, United States; Niahka virus (NIAV), a West African virus
isolated from phlebotomine sandﬂies whose vertebrate hosts are yet to be determined; and Oak Vale virus
(OVRV), an Australian virus isolated on several occasions from mosquitoes in WA, NT and QLD, suggested
to infect feral pigs (Allison et al., 2011; Gubala, 2009; Kurz et al., 1986; Quan et al., 2011; Vasilakis et al.,
2013).
HARDV and WACV contain a high degree of sequence homology, with an overall genome sequence
identity of approximately 72%; however, the protein sequence identities of WACV, HARDV and ALMV
suggest overall high sequence divergence from other known rhabdoviruses (Supplementary Online
Table S1).
Fig. 2. A comparison of the genome structure of HARDV, WACV and ALMV, to members of the genus Tupavirus (Tupaia virus, TUPV; Durham virus, DURV), to Oak Vale virus (OVRV) and to the
recently characterised Niakha virus (NIAV). White arrows represent the ﬁve core ORFs present in rhabdoviruses (N, P, M, G and L). Shaded arrows indicate additional ORFs. *Genome incomplete,
estimated 20 nt missing at 5′ terminus.
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Previously published serological studies found that ALMV was not closely related to any Australian or
exotic rhabdoviruses known at the time (Calisher et al., 1989; Tesh et al., 1983). There are no published
records of serological cross-reactivity tests of WACV and HARDV with other viruses. Shortly after its
isolation in 1981, serological screening indicated that WACV did not infect cattle in the region; therefore,
further studies did not follow (unpublished data). HARDV likewise remained uncharacterised as it could
not be grown to a sufﬁciently high titre to establish homologous complement ﬁxation or neutralisation
tests (Standfast et al., 1984). Therefore, in this study, homologous virus neutralisation tests between
WACV, HARDV, ALMV and a panel of available Australian rhabdoviruses were performed (Table 2).
Interestingly, one-way neutralisation of WACV by HARDV anti-serum (titre 10) was observed; however,
reciprocal neutralisation did not occur. Despite the high sequence homology between the two viruses, this
surprising result suggests that the epitopes necessary for virus neutralisation and antibody binding are
quite different. It also demonstrates thatWACV and HARDV are distinct viruses. We speculate that perhaps
WACV and HARDV have adapted to distinct vertebrate or invertebrate hosts.
OVRV and NGAV antibodies showed a signiﬁcant level of neutralisation of all three viruses in comparison to
their homologous titres, though the low level homologous neutralisation seen for OVRV and the unavailability of
NGAV homologous neutralisation data necessitate further conﬁrmatory testing. Similarly, there was signiﬁcant
one-way neutralisation of Ord River rhabdovirus (Hart Park Group) by antibodies made to WACV and HARDV
(titres of 18 and 96, respectively), in comparison to the corresponding homologous HARDV and WACV titres.
Cross-neutralisation is known to occur between distantly related rhabdoviruses, e.g. Adelaide River and rabies
viruses, and is presumed to be an attribute of common epitopes on the highly conserved N protein (Dietzgen,
2012). Such results may confound the interpretation of relationships if interpreted in isolation. Future
cross-reactivity studies that include TUPV and DURV would be prove informative. Interestingly, ALMV has
higher N protein sequence homology to NIAV; thus it would be prudent to investigate the level of
cross-reactivity between these viruses, as well as the other less well characterised squamate viruses.
2.3. Leader and trailer sequence
The leader sequence for both HARDV and WACV is 42 nt in length, with a trailer sequence comprising
49nt inWACV. ALMVhas a leader sequence of 46 nt and a trailer sequence of 49 nt. A feature of rhabdoviruses
is the high conservation of inverse complementarity of the terminal ends of the genome, which is
observed in ALMV and WACV and remains to be conﬁrmed in HARDV (Supplementary Online Fig S1).Table 2
Pair-wise virus neutralisation titres.
Antibody
ALMV HARDV WACV WONV HOJV TIBV CPV OVRV ARV BRMV BEFV KIMV NGAV HDOO CHVV
Virus ALMV 640 b10 b10 b10 b10 b10 b10 10 b10 b10 b10 b10 16 b10 b10
HARDV b10 24 b10 b10 b10 b10 b10 10 b10 b10 b10 b10 18 b10 b10
WACV b10 10 192 16 b10 b10 b10 18 b10 b10 b10 b10 18 b10 b10
WONV b10 b10 b10 1280 b10 10 b10 b10 b10 b10 b10 b10 b10 b10 b10
HOJV b10 b10 18 256 80 20 b10 16 b10 b10 b10 b10 24 b10 b10
ORRV b10 18 96 b10 b10 b10 b10 b10 b10 b10 b10 b10 b10 b10 b10
TIBV b10 b10 b10 b10 b10 256 b10 b10 b10 b10 b10 b10 b10 b10 b10
CPV b10 b10 b10 b10 b10 b10 48 b10 b10 b10 b10 b10 b10 b10 b10
OVRV b10 b10 b10 b10 b10 b10 b10 40 b10 b10 b10 b10 18 b10 b10
ARV b10 b10 20 b10 b10 b10 b10 b10 1280 b10 b10 b10 16 b10 b10
BRMV b10 b10 b10 b10 b10 b10 b10 b10 b10 4096 b10 b10 b10 b10 b10
BEFV b10 b10 b10 b10 b10 b10 b10 b10 b10 96 32 b10 b10 b10 b10
KIMV b10 b10 b10 b10 b10 b10 b10 b10 b10 b10 b10 2056 b10 b10 b10
Positive titres greater than 10 are indicated in bold. Suitable virus stocks were not available for Ngaingan (NGAV), Humpty Doo
(HDOOV) and Charleville (CHVV) viruses, and antibody was not available for Ord River virus (ORRV); therefore, only one way
cross-neutralisations could be performed for these viruses.
Fig. 3. HARDV, WACV and ALMV transcription control sequences and intergenic regions (IGR). Conserved nucleotides are indicated
by asterisks at the bottom of each virus. Variation from the conserved initiation and polyadenylation transcription sequence is
shaded. Start and stop codons are indicated in bold. Potentially leaky termination sequences are italicised.
7J. McAllister et al. / Virology Reports 3 (2014) 1–17There is also a high degree of sequence similarity between leader sequences of the three viruses, OVRV
and the tupaviruseses.
2.4. Transcription control sequences
Animal rhabdoviruses typically display universal transcription initiation and stop/polyadenylation
signals (UUGUC and GUACUUUUUUU respectively), although many viruses are now known to contain
variations of this (reviewed in Gubala (2012)). The genes of ALMV, HARDV and WACV contain multiple
variations in these conserved sequences (Fig. 3). Several of the ORFs additionally display potentially leaky
initiation and termination signals, suggesting that proteins are transcribed on a poly or bi-cistronic mRNA,
which is not uncommon of the dimarhabdoviruses (Gubala et al., 2008, 2010; Springfeld et al., 2005). This
appears to be most frequent at junctions where additional genes are present, for example, between the M
and SH ORFs in WACV and HARDV, the M and U1 ORFs in ALMV, and between G and U3 ORFs in HARDV.
2.5. N protein
The N proteins of HARDV and WACV are identical in length (425 aa) and are very closely related (87%
identity). Pairwise alignments and BLAST searches demonstrate that the N proteins show highest sequence
8 J. McAllister et al. / Virology Reports 3 (2014) 1–17similarity to Kolongo virus (KOLV) and Sandjimba virus (SJAV) (max ident. 41%), TUPV (max ident. 35%) and
DURV (max ident. 33–34%). The ALMV 434-aa N protein is highly diverged from most other rhabdoviruses,
with greatest sequence similarity to NIAV (identity 34%). ALMV, HARDV andWACV display conservation of all
themotifs universally observed in vertebrate and insect rhabdovirus N proteins (Kuzmin et al., 2006). HARDV
andWACV both contain the SPYSmotif common to vertebrate rhabdoviruses (S286PYS), thought to play a role
in viral RNA binding (Kouznetzoff et al., 1998). Interestingly, in ALMV the motif is present as NPYS (N287PYS),
suggesting that this motif is not strictly conserved amongst all vertebrate rhabdoviruses.
2.6. P protein
The P protein of ALMV is 275 aa in length and shows no signiﬁcant sequence similarity to any other
rhabdovirus P protein. The P proteins of HARDV and WACV are 291 aa in length and share high sequence
identity (71% identity), but like ALMVdemonstrate no signiﬁcant sequence similarity to other knownPproteins.
As typically observed in rhabdovirus P proteins, these proteins are predicted to be highly phosphorylated.
2.7. M protein
TheMproteins of HARDV andWACV are both 178 aa in length, and the 207-aaMprotein of ALMV contains
an alternate in-frame methionine located four residues downstream from the initial methionine, suggesting
the possibility of alternate translation. M proteins are typically highly divergent in rhabdoviruses, and the M
proteins of ALMV, HARDV andWACV showno signiﬁcant sequence similarity to any other known rhabdovirus
proteins.
2.8. G protein
The putative ALMV, HARDV and WACV G proteins are 527 aa, 539 aa and 538 aa respectively. HARDV
and WACV have G protein sequence identity of 72%, whilst ALMV G protein shows greatest similarity to
NIAV (identity 43%).
All three proteins display structural features common to all rhabdovirus glycoproteins, including a
16-19-aa amino-terminal signal peptide, a large ectodomain, a short transmembrane region (approx. 20
aa) and a short cytoplasmic tail (12–19 aa). The ALMV G protein contains two potential glycosylation sites,
HARDV G contains three, and WACV G contains ﬁve. The G protein of animal rhabdoviruses also contains
up to 12 highly conserved cysteine residues that form six disulphide bridges that contribute to the
formation of the G protein structure (Walker & Kongsuwan, 1999). HARDV andWACV each contain four of
these highly conserved pairings, with HARDV andWACV cysteine proﬁles most closely mirroring that seen
in OVRV. In addition, three particular interactions (CI–CXII, CVIII–CXI and CIX–CX) are postulated to be
universally conserved amongst animal rhabdoviruses (Walker & Kongsuwan, 1999). Interestingly,
cysteines VIII and X are absent from all three viruses, implying that two of the three universally conserved
pairings are absent. Both TUPV and OVRV G proteins carry similar anomalies, suggesting that not all
rhabdoviruses conform to this original model. In addition, cysteine IV in HARDV and WACV is also absent,
once again mirroring the cysteine proﬁle observed in OVRV.
2.9. L protein
The ﬁnal ORF in rhabdoviruses encodes the RNA polymerase, and is the largest of all the rhabdovirus
proteins (ALMV, 2095 aa; HARDV and WACV, 2074 aa). This protein is responsible for transcription and
replication of the virus, and is highly conserved amongst the mononegavirales. Poch et al. (1989)
described four highly conserved motifs A to D of Block III which are present in RNA-dependent
polymerases of RNA viruses, retroviruses, viral and non-viral retrotransposons,and are thought to be
probable active sites for RNA synthesis (Poch et al., 1989). All four motifs are highly conserved in ALMV,
HARDV and WACV (Supplementary Online Table S2), as is an additional GxxT[n]HR motif involved in
mRNA capping activity (Li et al., 2008). Aside from a high degree of similarity to each other (85% identity),
HARDV and WACV L proteins show greatest sequence similarity to OVRV (40% identity). The ALMV
polymerase displays highest sequence identity to the polymerase of NIAV (50% identity).
9J. McAllister et al. / Virology Reports 3 (2014) 1–172.10. Additional ORFs
HARDV and WACV contain an additional ORF between the M and G genes, which putatively encodes a
small hydrophobic protein (SH). This protein (73 aa in HARDV and 71 aa in WACV) may be similar in
function to that seen in TUPV, DURV and OVRV, as pairwise comparisons indicate a number of areas of
structural similarity (Fig. 4). These are the only rhabdoviruses known to contain a single protein with such
characteristics between M and G, supporting the notion that they evolved from the same ancestor. The SH
ORFs in WACV and HARDV also appear to have seemingly conserved initiation/termination sequences
(Fig. 3), indicating that perhaps the SH mRNA has a capacity to be independently transcribed.
Although at the sequence level the SH protein is generally highly diverged amongst this group, there is
remarkable conservation of an amino acid motif at residues 27–34 in WACV, HARDV and TUPV. In
addition, analysis of the proteins using Phobius reveal that all three share a similar structure, with a 19–
20-aa signal peptide, a transmembrane helix of approximately 20-aa, a small 8-aa extracellular domain
and a 21–23-aa cytoplasmic tail. The diversity in hosts, vast geographical spread and clear genetic
divergence of these ﬁve viruses highlight an intriguing evolutionary history that has led to the
preservation of this common accessory protein. Some members of the family Paramyxoviridae (also within
the order Mononegavirales), likewise encode a small hydrophobic protein, demonstrated to have ion
channel involvement during viral uncoating within the endosome (Gan et al., 2012; Triantaﬁlou et al.,
2013). There appears to be little sequence homology between the paramyxovirus and putative
rhabdovirus SH proteins; therefore the function of this protein in rhabdoviruses remains an interesting
topic for further study.
ALMV contains an additional ORF between M and G (designated U1), which is likely transcribed
on a bi-cistronic mRNA with M. Unlike HARDV and WACV, the encoded protein has no apparent
signal peptide and no hydrophobic transmembrane region predicted by either SignalP or Phobius.
PredictProtein suggests a potential transmembrane region between residues 11 and 29; however, the
properties of this protein are signiﬁcantly different to the SH proteins of the other ﬁve rhabdoviruses.
NIAV appears to be the only other rhabdovirus known to contain a similar ORF that lacks a signal peptide
and hydrophobic transmembrane region. Pairwise alignment of these two proteins indicates an amino
acid identity of 25%, which is greater than that observed between the SH proteins of HARDV, WACV,
OVRV, TUPV and DURV.
Adjacent to the U1 ORF, ALMV contains a small second small ORF (U2) that overlaps the G gene and
appears to encode a small hydrophobic protein. An overlapping ORF with similar hydrophobic properties
is also found in NIAV (Vasilakis et al., 2013). These proteins have a sequence identity of 35% and appear to
share several common sequence motifs (results not shown), reinforcing the suggestion of a common
ancestry. These proteins do not appear to resemble the other rhabdovirus SH proteins.
In addition, HARDV contains a fourth small ORF located between the G and L genes, designated U3
(Figs. 2 and 5). Whilst this putative ORF encodes only a short peptide of 19 aa, it is bounded by conserved
initiation and termination sequences, suggesting capability for independent transcription. It is also likely
to be alternatively transcribed as bicistronic mRNA with the G ORF, however, due to an apparently leaky G
termination signal (Fig. 3). Due to its small size, this ORF may be a remnant of a once larger ORF, such as
those seen in other dimarhabdoviruses including emphemeroviruses, tibroviruses and the Hart Park group
viruses (Walker et al., 2011). Surprisingly, no such an ORF is present in WACV, despite the high degree of
sequence homology between these viruses. Small ORFs such as these are in abundance in dimarhabdoviruses
and will unequivocally be subjected to future detailed functional investigations.
2.11. Additional ORFs overlapping P
ALMV, WACV and HARDV also contain additional ORFs overlapping the P gene. These ORFs are
commonly observed in mononegavirales; however, not all viruses contain them. The sequences show no
signiﬁcant sequence similarity to other known proteins using Pfam and Genbank database searches;
however, they are postulated to encode proteins similar to the highly basic C proteins of vesiculoviruses
(Spiropoulou & Nichol, 1993), rabies virus (Nadin-Davis et al., 2002), some ﬁsh rhabdoviruses (Tao et al.,
2008; Zhu et al., 2011), and the P′ proteins of ephemeroviruses (Walker et al., 2012), and of OVRV (Quan
et al., 2011). ALMV contains a single additional ORF overlapping P (designated C′), encoding a basic 126-aa
Fig. 4. ClustalW2 alignment of SH protein sequences of HARDV, WACV, TUPV and DURV. Fully conserved aa residues (*), residues with strongly similar functional properties (:), and residues with
weakly similar functional properties (.) are indicated at the base of the aligned sequences. Predicted signal peptides (underlined) and transmembrane domains (bold) are highlighted. The dotted
underlined transmembrane sequence in DURV may indicate a signal peptide despite low predictive values (Phobius). An identical shared motif is observed in WACV, HARDV and TUPV (boxed).
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Fig. 5. Putative additional ORF observed between the G and L ORFs of HARDV. The ORF is bounded by transcriptional start and stop sequences and putatively encodes a small 19-aa peptide.
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Fig. 6. Bayesian phylogenetic analysis of ALMV, HARDV and WACV with representative rhabdoviruses, using a 1114-aa sequence of the L protein derived from Gblocks. Human parainﬂuenza virus
type 1 (HPIV-1), from the family Paramyxoviridae, was used to root the tree. Bayesian posterior probabilities are indicated at major nodes with maximum-likelihood bootstrap support values
indicated in brackets. Accession numbers of sequences retrieved from Genbank and virus abbreviations are listed in Table S3 (supplementary online data).
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13J. McAllister et al. / Virology Reports 3 (2014) 1–17protein. A protein of this size more closely resembles the C proteins seen in paramyxoviruses, rather than
the typically small 30–80-aa putative proteins seen in other rhabdoviruses. TUPV and DURV likewise
contain putative C proteins that are large in size (221 aa and 136 aa respectively) (Allison et al., 2011;
Springfeld et al., 2005). In HARDV and WACV, there are two ORFs overlapping P (designated C′ and C″),
with putative protein products of 74 aa and 102 aa, respectively in HARDV, and 102 aa and 25 aa in WACV.
There are indications of similarly small putative C ORFs in other viruses such as TIBV (30 aa) andOVRV (67 aa).
C proteins of rhabdoviruses typically do not have a distinct transcription start signal. Interestingly, the C′ORFs
of both ALMV and HARDV are preceded by a UUGUU sequence, which could act as a potential transcription
initiation sequence, indicating that perhaps C transcript abundance can be regulated independently of
the P ORF.
2.12. Phylogenetic analysis
In order to investigate the evolutionary relationships of ALMV, HARDV and WACV to other
rhabdoviruses, L and N protein sequences were analysed using Bayesian and Maximum Likelihood (ML)
methods. Gblocks alignment of the L protein sequences was performed to eliminate ambiguous regions,
producing a 1114aa sequence for analysis. Both ML and Bayesian phylogenetic analyses of this 1114aa
region of the L protein (Fig. 6) indicate a common lineage between HARDV, WACV, OVRV and the
tupaviruses, with high ML bootstrap values and Bayesian posterior probabilities for the grouping of
HARDV, WACV and OVRV. Complete L protein analysis produced a similar tree topology (Supplementary
Online Fig. S2). The overlapping geographical distribution and apparent common phylogenetic origin
suggest that HARDV, WACV and OVRV may have evolved in the same ecosystem. Whilst the high level of
divergence amongst rhabdovirus N proteins meant that Gblocks alignment was not feasible with the
diversity of viruses analysed, Bayesian phylogenetic comparison of complete N protein (Supplementary
Online Fig. S3) corroborate these relationships. HARDV andWACV form a well-supported clade with OVRV
and members of the Sandjimba group (Sandjimba virus and Kolongo viruses).
Phylogenetic analyses of the L protein (truncated and complete) provide strong support that ALMV
forms a clade with NIAV. Whilst previous studies have suggested that ALMV and NIAV are most closely
(albeit distantly) related to OVRV (≤75%) and the tupaviruses (b70%) (Vasilakis et al., 2013; Wellehan
et al., 2012), our analyses indicate that ALMV and NIAV are in fact very distantly diverged from all of the
groups within the dimarhabdoviruses supergroup. This is suggested most emphatically by our Bayesian
analyses of the complete and Gblocks-trimmed L protein alignments, which display much stronger
support values than our ML analyses and those observed in previous studies. Despite the traditional use
of ML analysis in phylogenetics, Bayesian analysis may be a more robust method for very diverged
viruses such as those of the family Rhabdoviridae. Although very short L gene sequences are available for
other potential members of the group (Charleville, Sena Madureira, Timbo, Humpty Doo and Caiman
Lizard viruses), the absence of more comprehensive sequence data hampers the phylogenetic resolution
of the ALMV-NIAV clade.
3. Conclusions
The complete genome sequencing of HARDV andWACV has revealed many shared characteristics with
members of the genus Tupavirus and Sandjimba group; however, much remains to be learnt about their
vertebrate hosts, prevalence and disease potential. ALMV is the ﬁrst completely sequenced rhabdovirus
isolated from squamates and forms a highly diverged clade with the recently reported West-African NIAV
from phlebotomine sandﬂies. It will be of great value to identify the vertebrate host(s) of NIAV, and to
determine whether it is likewise of squamate origin.
The power and sensitivity of current de novo sequencing technologies offer unprecedented speed at
which new and emerging viruses can now be sequenced. In addition, it offers the opportunity to
streamline the sequencing of viruses directly from clinical samples and those that are difﬁcult to cultivate.
The large amounts of new sequence data, however, are hindered by a much slower pace of data
interpretation in a biological context. Emerging zoonotic viruses pose serious threats to public and
veterinary health. The changing climate, increased globalisation and the fusion of urban and rural
environments are all likely contributors to the increased emergence of novel pathogens and the spread of
14 J. McAllister et al. / Virology Reports 3 (2014) 1–17vector-borne disease. Thus investigations of any potential links to human clinical illness of ALMV, HARDV
and WACV, and other poorly understood rhabdoviruses, are now more important than ever.
4. Materials and methods
4.1. Virus propagation and RNA extraction
HARDV (isolate CS75, Beatrice Hill NT, 1975), WACV (isolate CS1056, Samford QLD, 1981) and ALMV
(isolate MRM4059, Mitchell River QLD, 1966) were obtained from the Berrimah Veterinary Laboratory,
Darwin, Northern Territory. Viruses were propagated in BSR cells (a subclone of the baby hamster kidney
BHK-21 cell line) grown in supplemented basal medium Eagle (Gibco) at 37 °C. Three to four days post
infection, at the ﬁrst signs of the cytopathic effect (CPE), the infected cell culture supernatant from 4 to 6 ×
150 cm2 ﬂasks was collected, and a crude viral pellet obtained by ultracentrifugation at 70,000 ×g for 1 h in a
Beckman 70Ti rotor. The pellet was resuspended in Buffer RLT (Qiagen) containing β-mercaptoethanol and
total RNA extracted from the crude virus pellet using the RNeasy Mini Kit (Qiagen).
4.2. High throughput sequencing
RNA was reverse transcribed to double stranded cDNA using the Superscript ds cDNA synthesis kit and
100 pmol random hexamer, as per manufacturer's instructions (Invitrogen). High throughput sequencing
was performed by Micromon at Monash University, Melbourne, Victoria, Australia using the second-
generation Illumina GAIIx and a paired-end, 100- or 150 base-read protocol. The viral genomes were
pooled and multiplexed within the same Illumina reaction. Samples were prepared for sequencing using
TruSeq (Illumina) protocols and standard multiplex adaptors as described previously (Boyle et al., 2012).
Primary assembly of raw data and generation of consensus sequences were performed using the
programmes Velvet 1.1.04, Geneious Pro 5.4, Artemis (Sanger) and CLC Genomics Workbench 7.0. Routine
sequence management and the design of PCR primers were performed using the programmes SeqMan
Pro v. 8.0.2 (Lasergene v. 8 DNASTAR), CloneManager v. 9 (Sci Ed Central) and Sequencher 4.9.
4.3. Conﬁrmatory genome sequencing
PCR primer pairs were designed to the sequences obtained from the Illumina analyses, to conﬁrm the
integrity of sequences for which there was low coverage (less than 25 reads), and to ﬁll gaps. Single
stranded cDNA was prepared from viral RNA using Superscript III reverse transcriptase (Invitrogen) and
random hexamers and used as template for the PCR reactions. Sequences were conﬁrmed by sequencing
multiple PCR products, each amplifying 500–800 nt regions. The genomic termini were sequenced by the
RACE method as previously described (Gubala et al., 2008), using combinations of different virus-speciﬁc
primers designed within the 500-nt terminal regions of the two genome termini (primers were ordered
from Geneworks, Adelaide). PCR products were sequenced directly using the Big-Dye Terminator Kit
(Applied Biosystems) and analysed on a Genetic Analyser 3130xl (Applied Biosystems).
4.4. Serological cross-reactivity tests
Hyperimmune mouse serum was prepared to each rhabdovirus at the Berrimah Veterinary Laboratory
in Darwin (Weir, 2002) or the CSIRO Long Pocket Laboratory in Brisbane by the previously described
method (Brandt et al., 1967).
Serological cross-reactivity between viruses was assessed using the virus neutralisation test. Viruses
were grown in BSR cells diluted and titrated to give a titre of 100 TCID50 in a ﬁnal volume of 50 μl. Antibody
to each virus was serially diluted two-fold from 1:10 to 1:8192, and an equivalent volume (50 μl) of this
diluted antibody was added to the virus. The virus and antibody mix was incubated at 37 °C for 1 to 2 h
before 100 μl of a 2 × 105 cell suspension was added. Each test was repeated in quadruplicate and the
endpoint was determined according to the Reed and Muench method where 50% of the wells showed CPE
at 5 days post inoculation (Reed & Muench, 1938).
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Deduced protein sequences were analysed using PredictProtein (Rost & Liu, 2003), Phobius (Käll et al.,
2004) and SignalP (Petersen et al., 2011) for prediction of topology and presence of signal peptides.
Predictions of physiochemical properties were obtained using Protparam (Wilkins et al., 1999). Pairwise
amino acid sequence identity was calculated using the Needleman–Wunsch algorithm with the EBLOSUM62
matrix, implemented in the European Molecular Biology Open Source software unit (EMBOSS) (Rice et al.,
2000). Multiple protein alignments were performed using Clustal Omega (Sievers et al., 2011). Predicted
glycosylation and phosphorylation siteswere determined using theNetNGlyc 1.0 Server (http://www.cbs.dtu.
dk/services/NetNGlyc/) and NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/). Searches of
homologous protein sequences in Genbankwere performed using Basic Local Alignment Search Tool (BLAST).
4.6. Phylogenetic analysis
Phylogenetic trees were constructed using L and N protein Genbank sequences listed in Table S3
(supplementary online data). Human parainﬂuenza virus 1, a member of the family Paramyxoviridae, was
included as an outgroup. Sequences were aligned using MUSCLE 3.6 (Edgar, 2004) and ambiguously
aligned regions of the L protein were removed using Gblocks (Talavera & Castresana, 2007). Maximum
likelihood (ML) trees were constructed using MEGA (Tamura et al., 2011), employing the WAG model of
aa substitution with a gamma distribution of rate variation and 1000 bootstrap replications. Bayesian
analyses of aa alignments were performed with BEAST software (Drummond et al., 2012), using a WAG
model of aa substitution with gamma + invariant site heterogeneity. A lognormal relaxed clock model
was used, with a tree prior set to coalescent:exponential growth. The model was run with a MCMC chain
length of 40,000,000 with the output logged every 4000 steps producing 10,000 trees. The maximum clade
credibility tree was chosen (1000 tree burn-in) and trees were edited using FigTree v1.4 (http://tree.bio.
ed.ac.uk/software/ﬁgtree/).
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